Abstract: These last few decades, membranes and monoliths have been increasingly used as stationary phases for chromatography. Their fast mass transfer is mainly based on convection, which leads to reduced diffusion, which is usually observed in resins. Nevertheless, poor flow distribution, which causes inefficient binding, remains a major challenge for the development of both membrane and monolith devices. Moreover, the comparison of membranes and monoliths for biomolecule separation has been very poorly investigated. In this paper, the separation of two proteins, bovine serum albumin (BSA) and lactoferrin (LF), with similar sizes, but different isoelectric points, was investigated at a pH of 6.0 with a BSA-LF concentration ratio of 2/1 (2.00 mg·mL −1 BSA and 1.00 mg·mL −1 LF solution) using strong cation exchange membranes and monoliths packed in the same housing, as well as commercialized devices. The feeding flow rate was operated at 12.0 bed volume (BV)/min for all devices. Afterward, bound LF was eluted using a phosphate-buffered saline solution with 2.00 M NaCl. Using membranes in a CIM housing from BIA Separations (Slovenia) with porous frits before and after the membrane bed, higher binding capacities, sharper breakthrough curves, as well as sharper and more symmetric elution peaks were obtained. The monolith and commercialized membrane devices showed lower LF binding capacity and broadened and non-symmetric elution peaks.
Introduction
Downstream processes in the biopharmaceutical and biotechnological industries usually rely on multiple chromatographic steps, with micro-sized resins in a packed-bed column as the stationary phase. The resins have diameters between 100 and 500 µm and generally provide an efficient chromatographic technique with high binding capacity [1, 2] . However, the method is rather slow and represents a major cost in biomolecules production, as the transport of solute molecules to the binding sites inside resin pores is limited by intra-particle diffusion. The pressure drop over the column is high even at low flow rates and increases during processing due to bed consolidation and column blinding [3] . Decreases in binding capacity and throughput are also observed when using large biomolecules and highly concentrated feed-stocks [4, 5] . Furthermore, scaling-up a resin-based column remains a challenge, as significant medium compression and increasing pressure drops are observed with increasing bed height [6] . Consequently, several other innovative stationary phases, including monoliths and membranes, have been developed in the last few decades as possible alternatives to classical chromatographic supports. distribution in the membrane device: flow occurs between membrane layers and elsewhere within the housing; on the contrary, this does not happen in monoliths, which have a very limited void volume. The larger void volume is a major cause of band spreading in chromatographic separation due to dispersion in this area. However, the housings containing the membrane and monolith were different, which could lead to an erroneous comparison.
In this work, the separation of two similarly-sized proteins, BSA and lactoferrin (LF), is studied using monolith and membrane supports, which are both strong cation exchangers. Although many techniques have been developed to isolate LF, the separation of high-value minor proteins of similar molecular weights, such as BSA and LF, remains a challenge [25, 26] . BSA is a 66.5-kDa protein with an isoelectric point near 4.7; LF is a 78.0-kDa protein with an isoelectric point around 8.7. In our former study [27] , we obtained effective separation of BSA and LF using membrane chromatography at a pH between the isoelectric point of these two proteins. Using the cation exchange membrane, LF was completely retained until breakthrough occurred; the highest selectivity was obtained at a strong ionic strength of 100 mM and buffer pH 6.0. At these conditions, BSA passed completely through the membrane and into the effluent. Afterward, bound LF was collected by increasing the ionic strength using a phosphate buffer saline solution with 2.00 M NaCl.
To compare monolith and membrane chromatography for LF and BSA separation, we used membranes stacks and monolith discs with identical bed heights placed into the same housing of an axial flow column (CIM housing, BIA Separations, Slovenia). The effects of membrane and monolithic media on flow distribution, binding behavior and elution peaks were measured. In addition, the effect of bed height for membrane and monolithic devices was investigated. The performances of membranes packed in the CIM housing and commercial chromatographic membrane devices were also compared.
Materials and Methods

Chromatographic Media and Devices
Monolithic discs and membrane flat-sheet stacks were compared at the same bed height using the same CIM housing from BIA Separations (Ljubljana, Slovenia). The characteristics of the different chromatographic media and devices with their dimension parameters (i.e., membrane diameter (D m ), bed height (H) and bed volume (BV)) used in this work are summarized in Table 1 . The internal diameter of the CIM housing is 16 mm, and the bed height can be increased up to 12 mm. The CIM housing allows efficient flow distribution and optimized void volume; moreover, it makes the column packing and unpacking simple. Strong cation exchange CIM monolithics from BIA Separations (Ljubljana, Slovenia) were selected as the monolith supports. These poly(glycidyl methacrylate-co-ethylene dimethacrylate) monoliths are highly interconnected polymeric networks of nuclei, agglomerated into globules, further agglomerated into clusters [27] . CIM monoliths (D m = 12.00 mm, H = 3.00 mm) are surrounded by a nonporous fitting ring, which prevents chipping of the edges and/or breaking when exposed to the maximal flow rate. The pore diameter of the monolithic is 1.35 µm for the CIM disc and 2.10 µm for the CIMmultus device (data given by the manufacturer); the porosity is around 0.60 for CIM discs [27] . The interconnected pore structure of the CIM media was previously observed by scanning electron microscopy (SEM) [5] . For strong cation exchanger monoliths, sulfonyl groups are coated on the internal surfaces. In the first experiments, a CIM disc (H = 3.0 mm, BV = 0.34 mL) was inserted into the CIM housing; then, H was increased by inserting 3 CIM discs (H = 9.0 mm and BV = 1.02 mL). A CIMmultus device (BIA Separations, Ljubljana, Slovenia) with radial flow (BIA Separations) was also investigated (BV = 1.00 mL).
Strong cation exchange membranes Sartobind S (Sartorius Stedim Biotech GmbH, Goettingen, Germany) were used as the membrane chromatographic media. Sartobind S membranes are formed by a macroporous support based on reinforced cross-linked cellulose containing a hydrogel layer on the macroporous walls [28] . The membrane pore diameter is in the range of 3.0-5.0 µm; the membrane thickness is 275 m (data provided by the manufacturer); and the porosity is around 0.78 [28] . The pore structure of the Sartobind membrane was visualized using SEM by Tatarova et al., 2009 [28] . Sulfonic acid groups for cation exchange are bound covalently to the internal surface of the membrane. To fit the CIM housing, an A4 sheet of membrane was cut into discs of 16.00 mm in diameter. First, 11 membrane discs were placed into the CIM housing (H = 3 mm and BV = 0.60 mL). The membrane stack was then increased by packing 33 membrane discs into the housing (H = 9 mm and BV = 1.80 mL). The performance of a commercialized membrane device Sartobind S75, with 15 discs (BV = 2.1 mL), was also tested for comparison.
The internal geometries of the CIM housing containing 3 discs of monolith (H = 9.0 mm) and the Sartobind S75 device (Sartorius Stedim Biotech GmbH, Goettingen, Germany) are shown Figure 1 . These images were obtained by magnetic resonance imaging (MRI) using a 4.7 T BioSpec (Bruker, Champs-sur-Marne, France) with a magnetic Magnex field gradient SGRAD 156/100/S and a quadrature coil (Rapid Biomedical, Germany) used for excitation and signal detection. From Figure 1 , the inlet and outlet of the devices can be observed. For the monolith, the flow is distributed through frits placed above and below the monolith. For the Sartobind device, flow distributors consist of 8 radial channels and 14 circular channels [30] . In the inlet distributor, the fluid is conducted to the peripheral region of the membrane by the radial channels and distributed through all of the membrane section by the circular channels. The fluid takes an inverse path in the outlet distributor.
monoliths are highly interconnected polymeric networks of nuclei, agglomerated into globules, further agglomerated into clusters [27] . CIM monoliths (Dm = 12.00 mm, H = 3.00 mm) are surrounded by a nonporous fitting ring, which prevents chipping of the edges and/or breaking when exposed to the maximal flow rate. The pore diameter of the monolithic is 1.35 μm for the CIM disc and 2.10 μm for the CIMmultus device (data given by the manufacturer); the porosity is around 0.60 for CIM discs [27] . The interconnected pore structure of the CIM media was previously observed by scanning electron microscopy (SEM) [5] . For strong cation exchanger monoliths, sulfonyl groups are coated on the internal surfaces. In the first experiments, a CIM disc (H = 3.0 mm, BV = 0.34 mL) was inserted into the CIM housing; then, H was increased by inserting 3 CIM discs (H = 9.0 mm and BV = 1.02 mL). A CIMmultus device (BIA Separations, Ljubljana, Slovenia) with radial flow (BIA Separations) was also investigated (BV = 1.00 mL).
Strong cation exchange membranes Sartobind S (Sartorius Stedim Biotech GmbH, Goettingen, Germany) were used as the membrane chromatographic media. Sartobind S membranes are formed by a macroporous support based on reinforced cross-linked cellulose containing a hydrogel layer on the macroporous walls [28] . The membrane pore diameter is in the range of 3.0-5.0 μm; the membrane thickness is 275 m (data provided by the manufacturer); and the porosity is around 0.78 [28] . The pore structure of the Sartobind membrane was visualized using SEM by Tatarova et al., 2009 [28] . Sulfonic acid groups for cation exchange are bound covalently to the internal surface of the membrane. To fit the CIM housing, an A4 sheet of membrane was cut into discs of 16.00 mm in diameter. First, 11 membrane discs were placed into the CIM housing (H = 3 mm and BV = 0.60 mL). The membrane stack was then increased by packing 33 membrane discs into the housing (H = 9 mm and BV = 1.80 mL). The performance of a commercialized membrane device Sartobind S75, with 15 discs (BV = 2.1 mL), was also tested for comparison.
The internal geometries of the CIM housing containing 3 discs of monolith (H = 9.0 mm) and the Sartobind S75 device (Sartorius Stedim Biotech GmbH, Goettingen, Germany) are shown Figure 1 . These images were obtained by magnetic resonance imaging (MRI) using a 4.7 T BioSpec (Bruker, Champs-sur-Marne, France) with a magnetic Magnex field gradient SGRAD 156/100/S and a quadrature coil (Rapid Biomedical, Germany) used for excitation and signal detection. From Figure  1 , the inlet and outlet of the devices can be observed. For the monolith, the flow is distributed through frits placed above and below the monolith. For the Sartobind device, flow distributors consist of 8 radial channels and 14 circular channels [30] . In the inlet distributor, the fluid is conducted to the peripheral region of the membrane by the radial channels and distributed through all of the membrane section by the circular channels. The fluid takes an inverse path in the outlet distributor. 
Protein Solutions
BSA-LF solutions were prepared at a BSA-LF concentration ratio of 2/1 by mixing the same volume of 2.00 mg·mL −1 BSA solution and 1.00 mg·mL −1 LF solution. Before use, the protein mixtures were filtered through a 0.22 µm polyethersulfone hydrophilic Millex-GP filter unit (Millipore, Molsheim, France) to remove any fine particles. The BSA lyophilized powder with purity ≥96% was obtained from Sigma Aldrich (Saint Quentin Fallavier, France). Purified bovine LF lyophilized powder (≥93% of purity) was generously offered by Erie Europe (Paris, France). The 100 mM potassium phosphate buffer solutions at pH 6.0 were prepared by adjusting the volumes of the K 2 HPO 4 and KH 2 PO 4 solutions (Sigma Aldrich, Saint Quentin Fallavier, France) and subsequently filtered through a hydrophobic membrane filter with a 0.45 µm pore size (Millipore, Molsheim, France). Concentrations of LF and BSA solutions were measured by spectrophotometry at 280 nm using the UV detector of the Aktaprime-plus system (GE Healthcare, Vélizy-Villacoublay, France). For BSA-LF mixture solutions, concentrations of LF and BSA were determined using the two separate breakthrough curves of BSA and LF, as previously detailed in our study using ion exchange chromatography membrane devices [31] .
BSA-LF Mixture Separation
All experiments were performed using an Aktaprime-plus system with a UV-280 detector (GE Healthcare, Vélizy-Villacoublay, France). Data acquisition was monitored online using the Primeview 5.0 software (GE Healthcare, Vélizy-Villacoublay, France). The Aktaprime-plus pump controls the flow rate in the range of 0.1-50.0 mL·min −1 , the maximum operating pressure being 1.10 MPa. The separation was composed of the following different steps: equilibrium, protein loading, washing and elution steps. All separation steps were operated at a constant flow rate of 12.0 BV·min −1 . Bound LF was recovered using a phosphate-buffered saline solution with 2.00 M NaCl.
The BSA-LF separation cycles were performed in triplicate without regeneration between each cycle. After three complete cycles, the stationary phase was cleaned and regenerated using 1.00 M NaOH at 1.0 BV·min −1 for 1 h, followed by 10.0 BV of the elution and phosphate buffers, during 10 min for each solution. The dynamic binding capacity of LF at 10% breakthrough (DBC 10% ) was determined using the method previously described [30] . Values were reported per BV of stationary phase, as the average ± standard deviation of 3 independent measurements. The void volume (V 0 ) of each chromatographic device connected to the external system (i.e., tube, pump, UV cell, etc.) was measured by loading 5% of acetone in phosphate buffer; V 0 was then read at 10% of the loading concentration.
Results
BSA-LF Mixture Separation
BSA-LF mixture separation was performed at different flow rates (12.0, 18.0 and 24.0 BV·min −1 ) using monolith and membrane in the CIM housing (H = 3.00 mm) and the Sartobind S75 device (H = 4.00 mm). The average operating pressure was measured during the loading step (Supplementary Material). The operating pressures were slightly higher using the monolith in the CIM housing compared to the membranes, although they have the same bed height of 3.00 mm. This could be due to the membrane's larger pore size, 3.00-5.00 µm, and higher porosity, 0.78 [28] , compared to the values of the monolith, which are respectively given as 1.35 µm and 0.60 [27] . In addition, the Sartobind S75 device required slightly higher operating pressures than the membrane in the CIM housing, which may be due to its higher bed height (4 mm) compared to the membranes stacked in the CIM housing (3 mm).
The BSA-LF separation cycles are shown in Figure 2A for the monolith and in Figure 2B for the membrane housed in the CIM column (H = 3 mm). The loading step was operated at a pH of 6.00, i.e., between the isoelectric point of BSA (4.7) and LF (8.7). At this pH, BSA possesses more negative charges than LF and thus flows in the effluent without binding, while LF is more positively charged and is thus bound to the cation exchanger membrane or monolith [31] . Two separate breakthrough curves were obtained during BSA-LF mixture separation at a pH of 6.00. At the beginning of the loading step, the breakthrough curve was BSA, whereas LF was fully retained on the membrane or monolith. We demonstrated previously that only LF was bound to the stationary phase and that BSA passed completely through the media without binding, using the RP-HPLC method [31] . In this study, the LF and BSA concentrations were measured in samples taken at various times during the loading step of the LF-BSA.
Processes 2016, 4, 31 6 of 13 loading step, the breakthrough curve was BSA, whereas LF was fully retained on the membrane or monolith. We demonstrated previously that only LF was bound to the stationary phase and that BSA passed completely through the media without binding, using the RP-HPLC method [31] . In this study, the LF and BSA concentrations were measured in samples taken at various times during the loading step of the LF-BSA. Afterward, the membrane or monolith reached saturation, and the LF breakthrough curve started. At the end of the loading step, washing was performed until the absorbance decreased to zero. Finally, the elution buffer with higher ionic strength was used to recover bound LF. The separation cycle was repeated for at least three cycles without any regeneration step for both the monolith and membrane. No major differences were observed between the three cycles, which indicates the good repeatability of the membranes and monoliths. However, regular cleaning and regeneration is strongly recommended to reduce the risk of fouling and contamination.
Furthermore, the BSA-LF separation was performed at different flow rates (12.0, 18.0 and 24.0 BV·min −1 ). For each flowrate, the binding capacity of LF was calculated at 10% breakthrough (DBC10%) and reported in Table 2 . The highest DBC10% of LF per BV (about 42 mg·mL −1 ) was obtained using the membrane in the CIM housing (H = 3.00 mm), while the Sartobind S75 device gave lower LF DBC10% around 28 mg·mL −1 . The lowest binding capacity was found using the monolith in the CIM housing with LF DBC10% around 24 mg·mL −1 . In addition, there was no significant effect of the flow rate (between 18.0 and 24.0 BV·min −1 ) for all devices, as the LF DBC10% were almost identical at the different operating flow rates. This confirms the advantage of membrane and monolith chromatography, in which mass transport is mainly convective, and therefore, higher flow rates can be used without any loss in binding capacity. The increase in productivity is possible by increasing the operating flow rate with both membrane and monolith chromatography as usually reported (e. g. [2,21,23] ). Afterward, the membrane or monolith reached saturation, and the LF breakthrough curve started. At the end of the loading step, washing was performed until the absorbance decreased to zero. Finally, the elution buffer with higher ionic strength was used to recover bound LF. The separation cycle was repeated for at least three cycles without any regeneration step for both the monolith and membrane. No major differences were observed between the three cycles, which indicates the good repeatability of the membranes and monoliths. However, regular cleaning and regeneration is strongly recommended to reduce the risk of fouling and contamination.
Furthermore, the BSA-LF separation was performed at different flow rates (12.0, 18.0 and 24.0 BV·min −1 ). For each flowrate, the binding capacity of LF was calculated at 10% breakthrough (DBC 10% ) and reported in Table 2 . The highest DBC 10% of LF per BV (about 42 mg·mL −1 ) was obtained using the membrane in the CIM housing (H = 3.00 mm), while the Sartobind S75 device gave lower LF DBC 10% around 28 mg·mL −1 . The lowest binding capacity was found using the monolith in the CIM housing with LF DBC 10% around 24 mg·mL −1 . In addition, there was no significant effect of the flow rate (between 18.0 and 24.0 BV·min −1 ) for all devices, as the LF DBC 10% were almost identical at the different operating flow rates. This confirms the advantage of membrane and monolith chromatography, in which mass transport is mainly convective, and therefore, higher flow rates can be used without any loss in binding capacity. The increase in productivity is possible by increasing the operating flow rate with both membrane and monolith chromatography as usually reported (e.g. [2, 21, 23] ). 
BSA Non-Binding Breakthrough Curves
As mentioned earlier, BSA is not retained by the cation exchange membrane nor the monolith; therefore, it may be used as a tracer for non-binding experiments. Experimental BSA breakthrough curves are plotted as a function of loading volume (V) for the membrane and monolith with H = 3.00 mm in Figure 3 . For both media, BSA breakthrough curves were similar until around 70% breakthrough. Afterward, the BSA breakthrough curve of the membrane was more dispersed, and 100% breakthrough was reached at a higher loading volume (15.12 mL), whereas a lower volume (10.52 mL) was required for the monolith. Using the Sartobind S75 device, the BSA breakthrough curve was significantly different from the one of the membrane in the CIM housing. Breakthrough happened later, due to the larger void volume inside the device, and the breakthrough curve was more dispersed. 
LF Binding Breakthrough Curves
As seen previously, BSA does not bind on the cation exchange membrane nor monolith because BSA possesses more negative charges than LF at pH 6; therefore, LF adsorbs preferentially. In Figure  4A , LF breakthrough curves were plotted against the loading volume corrected by void volume (V0) and divided by BV, for the membrane and monolith with H = 3.00 mm in the CIM housing and the Sartobind device. The same parameters were used during the loading steps: flow rate of 12.0 BV·min −1 and initial BSA-LF ratio of 2/1. The data for breakthrough at 10%, DBC10%, are reported in Table 2 . 
As seen previously, BSA does not bind on the cation exchange membrane nor monolith because BSA possesses more negative charges than LF at pH 6; therefore, LF adsorbs preferentially. In Figure 4A , LF breakthrough curves were plotted against the loading volume corrected by void volume (V 0 ) and divided by BV, for the membrane and monolith with H = 3.00 mm in the CIM housing and the Sartobind device. The same parameters were used during the loading steps: flow rate of 12.0 BV·min −1 and initial BSA-LF ratio of 2/1. The data for breakthrough at 10%, DBC 10% , are reported in Table 2 . For the monolith, the breakthrough curve appeared early due to its lower LF binding capacity (24.74 ± 0.43 mg·mL −1 ). The breakthrough curve was very sharp and rapidly reached 100% breakthrough, which indicates very efficient mass transfer and homogeneous flow distribution. For the membrane housed in the CIM housing, the LF breakthrough curve happened later, and DBC10% was higher (43.80 ± 0.81 mg·mL −1 ). A more dispersed breakthrough curve was observed due to the tailing effect near 100% breakthrough. This suggests slower mass transfer near the saturation of the membrane.
Van Beijeren et al. [32] highlighted that the presence of a grafted polymer layer in the ion exchange Sartobind membranes, in which a high degree of multilayering takes place, reduces the accessibility of the binding sites and/or introduces a diffusive transport limitation. The amount of proteins that breakthrough at a certain point depends primarily on the amount of proteins already adsorbed, as the binding of proteins reduces the accessibility of the binding sites. This phenomena seems to occur to a lesser extent within the functionalized poly(glycidyl methacrylate-co-ethylene dimethacrylate) monolith, although such behavior has also been reported [33] . Another explanation from Orr et al. [8] was that non-uniform membrane porosity, membrane thickness and ligand grafting can lead to variable flow resistance and binding kinetics within the membrane matrix.
Using the Sartobind S75 device, the LF breakthrough occurred at a lower value of (V−V0)/BV than was observed for the membrane in the CIM housing, and the dispersion and tailing effects were more significant. These results suggest again the major role played by the membrane module design on membrane binding capacity [13] . The optimized flow distribution in the CIM housing improved the performance of the membrane. For the monolith, the breakthrough curve appeared early due to its lower LF binding capacity (24.74 ± 0.43 mg·mL −1 ). The breakthrough curve was very sharp and rapidly reached 100% breakthrough, which indicates very efficient mass transfer and homogeneous flow distribution. For the membrane housed in the CIM housing, the LF breakthrough curve happened later, and DBC 10% was higher (43.80 ± 0.81 mg·mL −1 ). A more dispersed breakthrough curve was observed due to the tailing effect near 100% breakthrough. This suggests slower mass transfer near the saturation of the membrane.
Using the Sartobind S75 device, the LF breakthrough occurred at a lower value of (V−V 0 )/BV than was observed for the membrane in the CIM housing, and the dispersion and tailing effects were more significant. These results suggest again the major role played by the membrane module design on membrane binding capacity [13] . The optimized flow distribution in the CIM housing improved the performance of the membrane.
Effect of the Bed Height
The membrane and monolith in the CIM column with both H = 9 mm were first investigated at 12.00 BV·min −1 and a loading BSA-LF ratio of 2/1. However, using the monolith, this high flow rate could not be operated due to the over pressure on the Aktaprime-plus system (>1.10 MPa). Therefore, the flow rate was reduced to 0.4 BV·min −1 . For both media, the LF DBC 10% values were calculated from experimental breakthrough curves ( Figure 4B ) and compared to values from other devices in Figure 5 .
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The membrane and monolith in the CIM column with both H = 9 mm were first investigated at 12.00 BV·min −1 and a loading BSA-LF ratio of 2/1. However, using the monolith, this high flow rate could not be operated due to the over pressure on the Aktaprime-plus system (>1.10 MPa). Therefore, the flow rate was reduced to 0.4 BV·min −1 . For both media, the LF DBC10% values were calculated from experimental breakthrough curves ( Figure 4B ) and compared to values from other devices in Figure  5 . Figure 5 . Comparison of LF DBC10% per BV for the different chromatographic monoliths and membranes. The experiments were performed using 100 mM phosphate buffer at pH 6.0 at the initial BSA/LF ratio of 2/1. The operating flow rate was 12 BV·min −1 , except for the monolith H = 9 mm, which was 0.4 BV·min −1 .
By increasing the monolith bed height, a slight decrease in LF DBC10% was observed. The DBC10% per BV was 19.80 mg·mL −1 for the monolith with H = 9 mm, instead of 24 mg·mL −1 for H = 3 mm. The monolith radial flow device CIMmultus gave an intermediate LF binding capacity (around 22 mg·mL −1 ), which may be due in part to its intermediate bed height (5.95 mm). On the contrary, for the two membranes in the CIM housing (H = 3 mm and 9 mm), no effect of bed height was observed, with both binding capacities being around 43 mg·mL −1 . In our previous study [30] , by comparing Sartobind devices with increasing bed height, a decrease in binding capacity was obtained. When packed in the CIM column, this effect was not observed, which may suggest an improved flow distribution. This may be due to the absence of the O-ring between membrane sheets and, therefore, to the ability of the flow to pass at the peripheral region of the membrane discs.
The decrease in monolith binding capacity with increasing bed height may be explained by the non-uniform flow inside the CIM housing due to the diameter change between the frit and monolith section. Indeed, the highest monolith bed height (9 mm) may have larger regions with non-uniform flow, than the monolith with a bed height of 3 mm. These peripheral regions of the monolithic disc could be not easily reached by LF molecules. This effect could lead to the decrease in LF binding capacity with increasing bed height.
Elution Peaks
After loading a BSA/LF solution at the initial BSA-LF ratio of 2/1, the LF bound to the membrane or monolith was eluted using a phosphate buffer containing 2 M NaCl at a flow rate of 12 BV·min −1 . Figure 6 shows the elution peaks for the Sartobind device, membrane and monolith with H = 3 mm in the CIM column. The eluted mass, peak width at half-height, asymmetric ratio and tailing factor obtained are given in Table 3 . The asymmetry ratio was calculated at 10% of the peak height, whereas the tailing factor was measured at 5% of the peak height [13, 34] . By increasing the monolith bed height, a slight decrease in LF DBC 10% was observed. The DBC 10% per BV was 19.80 mg·mL −1 for the monolith with H = 9 mm, instead of 24 mg·mL −1 for H = 3 mm. The monolith radial flow device CIMmultus gave an intermediate LF binding capacity (around 22 mg·mL −1 ), which may be due in part to its intermediate bed height (5.95 mm). On the contrary, for the two membranes in the CIM housing (H = 3 mm and 9 mm), no effect of bed height was observed, with both binding capacities being around 43 mg·mL −1 . In our previous study [30] , by comparing Sartobind devices with increasing bed height, a decrease in binding capacity was obtained. When packed in the CIM column, this effect was not observed, which may suggest an improved flow distribution. This may be due to the absence of the O-ring between membrane sheets and, therefore, to the ability of the flow to pass at the peripheral region of the membrane discs.
After loading a BSA/LF solution at the initial BSA-LF ratio of 2/1, the LF bound to the membrane or monolith was eluted using a phosphate buffer containing 2 M NaCl at a flow rate of 12 BV·min −1 . Figure 6 shows the elution peaks for the Sartobind device, membrane and monolith with H = 3 mm in the CIM column. The eluted mass, peak width at half-height, asymmetric ratio and tailing factor obtained are given in Table 3 . The asymmetry ratio was calculated at 10% of the peak height, whereas the tailing factor was measured at 5% of the peak height [13, 34] . The highest LF eluted mass/BV (32.58 mg·mL −1 ) was obtained for the membrane in the CIM housing. In addition, the elution peak was then sharper and more symmetrical. The lower the values of the asymmetry ratio (2.10), tailing factor (1.73) and peak width at half-height (1.32) indicate that the flow distribution was significantly improved compared to the flow distribution in the Sartobind device and in the monolith. The Sartobind S75 device gave the lowest eluted mass (14.05 mg·mL −1 ), whereas a higher asymmetrical ratio and tailing factor were obtained, respectively 3.61 and 3.00. Using the monolith, the LF eluted mass was lower (19.33 mg·mL −1 ); the elution peak became more asymmetrical (asymmetric ratio of 3.37); and the tailing effect was also increased (tailing factor of 2.68). Finally, a larger peak width at half-height of 1.65 was obtained, which is also indicative of flow mal-distribution. Overall, the membranes in the CIM housing show the best flow distribution and, therefore, the best LF binding capacity during loading and LF recovery during elution.
Conclusions
In this paper, we compared the performance of monolith and membrane chromatography, which were based on convective mass transport, for the separation of two similarly-sized proteins, BSA and LF. The strong cation exchange membrane and monolith showed very good selectivity at pH = 6.00, as LF was bound onto the binding sites, whereas BSA passed in the effluent. For both the membrane and monolith, the separation cycles were repeated three times without cleaning and regeneration between each cycle. High productivities were obtained without any decrease in LF binding capacity.
The highest binding capacity of LF per support volume was obtained using the membrane housed in the CIM column, while the monolith and the commercialized Sartobind S75 device gave lower LF binding capacities, which may be due to less efficient mass transport and non-accessible regions within both devices. For the membrane, slow binding kinetics near saturation were observed. This tailing effect could be explained by steric interaction between already bound LF and available Figure 6 . LF elution peaks using for elution 2 M NaCl in phosphate buffer for the membrane, monolith with H = 3 mm in the CIM housing and the Sartobind S75 device at a flow rate of 12.0 BV·min −1 . Table 3 . LF characteristics of elution peaks using the membrane and monolith. LF loading using 2 M NaCl in phosphate buffer solution at 12.0 BV·min −1 .
Elution Properties
Monolith The highest LF eluted mass/BV (32.58 mg·mL −1 ) was obtained for the membrane in the CIM housing. In addition, the elution peak was then sharper and more symmetrical. The lower the values of the asymmetry ratio (2.10), tailing factor (1.73) and peak width at half-height (1.32) indicate that the flow distribution was significantly improved compared to the flow distribution in the Sartobind device and in the monolith. The Sartobind S75 device gave the lowest eluted mass (14.05 mg·mL −1 ), whereas a higher asymmetrical ratio and tailing factor were obtained, respectively 3.61 and 3.00. Using the monolith, the LF eluted mass was lower (19.33 mg·mL −1 ); the elution peak became more asymmetrical (asymmetric ratio of 3.37); and the tailing effect was also increased (tailing factor of 2.68). Finally, a larger peak width at half-height of 1.65 was obtained, which is also indicative of flow mal-distribution. Overall, the membranes in the CIM housing show the best flow distribution and, therefore, the best LF binding capacity during loading and LF recovery during elution.
Conclusions
The highest binding capacity of LF per support volume was obtained using the membrane housed in the CIM column, while the monolith and the commercialized Sartobind S75 device gave lower LF binding capacities, which may be due to less efficient mass transport and non-accessible regions within both devices. For the membrane, slow binding kinetics near saturation were observed. This tailing effect could be explained by steric interaction between already bound LF and available binding sites, which reduced their accessibility and thus binding kinetic; the non-uniform membrane pore size and ligand density are other possible causes.
The effect of bed height for the membrane and monolith in the CIM column was carried out by increasing the bed height to 9 mm instead of 3 mm. A lower LF binding capacity per support volume was measured for the monolith, while this negative effect was not observed with the membrane. Concerning LF elution, the membrane in the CIM housing gave a sharper and more symmetric elution peak compared to the one measured for the monolith and commercial membrane device.
Supplementary Materials: The following are available online at www.mdpi.com/2227-9717/4/3/31/s1, Supplementary data 1: Average operating pressures during the BSA-LF mixture loading step at flow rates of 12.0, 18.0 and 24.0 BV·min −1 using the monolith (H = 3 mm), membrane (H = 3 mm) in the CIM housing and Sartobind S75 device (H = 4 mm).
